This paper presents an optimization of fly ash geopolymer mixtures by Taguchi method, and a study on the mechanical properties and durability of concrete produced from the optimal mixes. A total of nine mixtures were evaluated by considering the effects of aggregate content, alkaline solution to fly ash ratio, sodium silicate to sodium hydroxide ratio, and curing method. Ordinary Portland Cement (OPC) concrete of 55 MPa strength was used as a control mix. Three optimal mixtures (T4, T7 and T10) were identified. Results show that the geopolymer concrete can be produced with of 55 MPa at 28 days. They had higher tensile and flexural strength, produced less expansion and drying shrinkage, and showed moduli of elasticity that were 14.9-28.8% lower than those of the OPC control mix. The compressive strength of all geopolymer mixtures changed significantly at each wetting-drying cycle, but the weight losses were higher than that of the OPC concrete. Half-cell potential measurement showed that the geopolymer mixes were generally more prone to corrosion, although showed low-level corrosion activity and exhibited times to failure that were 3.86-5.70 times longer than those of the OPC concrete. The test results confirmed that the mechanical properties of the geopolymer mixtures tested are competitive with those of OPC concrete and provide a more durable alternative to the OPC concrete in a seawater environment.
Introduction
Geopolymers, a new form of binder used in cement and concrete composites, are produced by the reaction of aluminosilicate material with alkaline solutions [1] . Instead of using metakaolin as the main binding material in concrete, slag and fly ash have become popular source materials for geopolymers because they have high silica and alumina contents and are abundantly available in landfill sites [2] . Fly ash is a heterogeneous material of variable chemical composition that can affect the final geopolymer product. Low calcium fly ash is preferred because high calcium poses the risk of fast setting. The main parameters affecting the fly ash geopolymer mixtures are the composition of the raw materials, the concentrations of alkaline solutions used, and the curing method. A combination of sodium silicate (Na 2 SiO 3 ) and sodium hydroxide (NaOH) is most commonly used an alkaline activator [3] , [4] ; the ratio of these components is important in designing activators. Because of the slow reactivity of fly ash at ambient temperature, considerable heat must be applied to increase the kinetics energy and degree of the reaction that produces the geopolymer, thus increasing the density of the pore system and improving the mechanical properties of the resultant composite [5] .
Various studies have highlighted the potential applications of fly ash geopolymer concrete because of its strength and durability in aggressive environments such as those containing sulphates or acids, or those subject to high temperatures [6] , [7] , and [8] . Fly ash geopolymers have greater durability than Ordinary Portland Cement (OPC) in such severe environments, which can be attributed to their lower calcium content. Calcium is a major component of OPC that reacts with the aggressive sulphates and acids. This research focused on the development of fly ash geopolymer mixtures for use in seawater environments. We used the Taguchi method to optimize the components of geopolymer concrete mixtures and investigated their mechanical properties and durability.
Experimental details

Materials
Fly ash could be classified as class F by ASTM C618-08 [9] from Collie power station, Western Australia, and Ordinary Portland Cement Type I as specified in AS 2350.0 [10] were the main component of the concrete used in this study (Table 1) . Coarse and fine aggregates in saturated surface dry conditions were used in this research. Crushed granite of three-grain sizes was used as coarse aggregate: 7mm (2.58 specific gravity, 1.60% water absorption), 10mm (2.62, 0.74%), and 20mm (2.65, 0.58%). The fine aggregate used was uncrushed sand.
All the aggregate was obtained from a quarry in Perth, Western Australia.
Combination of sodium hydroxide and sodium silicate were used as alkaline activators in this study. Sodium hydroxide in pearl form was dissolved in distilled water to produce a 14M sodium hydroxide solution. Grade D sodium silicate of specific gravity 1.52 and a modulus silicate ratio (Ms) of 2 (where Ms = SiO 2 /Na 2 O, Na 2 O = 14.7%, SiO 2 = 29.4%) was used. A commercially available naphthalene sulphonate polymer-based superplasticizer was included in the mixture to improve workability.
Determination of optimal mixtures
The Taguchi method was used to determine optimal mixtures of the components of fly ash geopolymer concrete to maximize strength, while maintaining water absorption, sorptivity, and mass change during wetting-drying cycles and the risk of corrosion of steel reinforcement bars. The aim was to determine the optimal mix for application in a seawater environment.
The behaviour of the various mixes was compared to that of 55 MPa strength OPC concrete.
Four factors related to strength and durability such as aggregate content, alkaline solution to fly ash ratio, sodium silicate to NaOH ratio and curing method were investigated ( Table 2 ).
The number of factors we considered and the values of those factors that we tested were chosen on the basis of previous research. Concrete usually consists of 75-80% aggregates; so concrete containing 75, 77, and 79 wt % aggregate was considered. An alkaline solution/fly ash ratio within the range of 0.30-0.40 has been shown to improve strength and microstructure of the geopolymer concrete [11] . Sodium silicate to sodium hydroxide ratios of 1.5-2.5 (maximum of 2.5 for economic reasons) have been shown to be appropriate [3] . [3] , [12] , and [13] .
We used one of the orthogonal arrays, i.e. OA 9 (3 4 ) developed by Taguchi to represent a full factorial experiment (Table 3 ) [14] . The component variables for each of the mixtures (T1-T9) are given in Table 4 . Table 5 shows the proportions used for the geopolymer concrete with the H 2 O/Na 2 O ratio kept constant at 12.50 to obtain workable mixes [11] . The proportions were determined by a basic calculation to design fly ash geopolymer concrete developed at Curtin University [15] .
The trial mix results were evaluated for compressive strength by calculating a response index for each factor based on signal-to-noise ratio (S/N) principles [14] . That is, a higher S/N provides a 'better' response index. Note that our response index calculations for the original nine mixes indicated that an additional mix (T10, not included in the Taguchi array we used) was worthy of consideration, and we included this additional mix in our subsequent analyses.
Preparation, casting and curing of test specimens
Geopolymer concrete samples were prepared by mixing dry materials (fly ash, fine and coarse aggregates) and alkaline activators (sodium silicate, sodium hydroxide, water and superplasticizer) in a 70-L pan mixer. The dry materials were mixed first and the alkaline activators were then poured into the pan and mixed continuously for approximately 4 min until the mixture was glossy and well combined.
The specimens were cast in cylinders of 100 mm diameter and 200 mm length (100 x 200 mm) for measurement of compressive strength, Young's modulus of elasticity and weight change; 150 x 300 mm cylinders were used for splitting tensile strength tests, 100 x 50 mm cylinders for water absorption, and cylinders 100 x 110 mm for sorptivity tests. Blocks with dimensions of 100 x 100 x 400 mm were used to measure flexural strength, and 25 x 25 x 250 mm blocks for shrinkage. "Lollipop" specimens, 100 x 200 mm concrete cylinders with central 16 mm diameter steel bars, were used for half-cell potential and accelerated corrosion tests. Three specimens were produced for each test and the results are provided as averages.
The geopolymer concrete specimens were steam cured under three different curing regimes ( Table 4 ). The inside surfaces of the moulds were coated with a water-based released agent to prevent the samples from sticking to the moulds surface during the steam curing process. After removal from their molds, the specimens were air cured in a curing room at 23-
25
O C. The OPC concrete control specimens were removed from their molds after 24 hours of air curing and placed in the water ponds for 28 days. They were removed from the ponds and air dried in the curing room until testing commenced.
Testing of specimens
Slump tests were carried out in accordance with the Australian Standard AS 1012.3.1 [16] .
The pH of each fresh concrete specimen was determined using a method developed by Grubb, et al. [17] . The standards applied for strength tests were: AS 1012.9 for compressive strength [18] , AS 1012.10 for Brazilian splitting tensile strength [19] , AS 1012.11 for flexural strength [20] , and AS 1012.17 for Young's modulus of elasticity [21] . Drying shrinkage was determined according to AS 1012.13 [22] , and water absorption and Apparent Volume of Permeable Voids (AVPV) according to ASTM C642-06 [23] . Sorptivity testing was conducted according to a method developed by GHD Pty Ltd [24] .
Resistance to accelerated wetting-drying cycles in 3.5% NaCl was determined for mixes T4 and OPC using the method of Kasai and Nakamura [25] . For these tests, specimens were subjected to immersion in 3.5% NaCl for 24 hours followed by drying in an oven at 80 O C for 24 hours. Changes of compressive strength and weight were determined after 10 cycles for the trial mixes, and at 14, 45 and 100 cycles for the control and optimal mixtures.
To investigate the resistance to corrosion of steel within the geopolymer concrete, half-cell potential measurement according to ASTM C876-09 [26] and accelerated corrosion tests using the impressed voltage method [27] were carried out on the lollipop specimens. The half-cell potential was measured using a Ag/AgCl reference electrode while the lollipop samples were immersed in a 3.5% NaCl solution. Triplicate readings were taken for each sample and the values reported here are average of the results obtained for three specimens (i.e. averages of nine values). A constant voltage (30V) was used for the accelerated corrosion tests, for which the electrolyte was 3.5% NaCl solution.
Results and Discussion
Optimization of key components of fly ash geopolymer concrete
Compressive strength, weight loss during drying cycles and total weight change after completion of wetting-drying cycles, sorptivity and AVPV were used as evaluation criteria for the trial mixes.
Compressive strength increased with concrete age, except for mixes T3 and T7 (Table 6 ).
The compressive strength of geopolymer is known to vary up to 28 days after curing because continuation of the geopolymerisation process after curing; these variations are dependent also on mixture proportions [28] . Mix T7 gave the highest compressive strength at 28 days (54.89 MPa) and mix T9 gave the lowest (29.71 MPa) at 28 days. The high compressive strength of mix T7 may reflect the high aggregate content of this mix. Table 7 shows the values of various evaluation criteria after completion of wetting-drying cycles. All mixes showed high compressive strength after 10 wetting-drying cycles in salt water. Changes of compressive strength after the completion of wetting-drying cycles were in the range 19.22-42.85% and weight loss after final drying was in the range 1.97-3.14%, which is low for concrete in an aggressive environment. Our results show that the sorptivity and strength of geopolymer are inversely related. For high strength mixes, sorptivity tends to be low, despite the high AVPV of those mixes.
The response index for each factor was calculated by summing the strengths at ages of 1, 7, 28 days for each trial mix that contained that factor dividing by the sum by the number of measurements (i.e. taking the average). For example, factor A1 was tested in trial mixes T1, T2, and T3 (Table 6 ). The response index for factor A1 on day 1 after curing was, therefore, the average of the compressive strengths for trials T1 to T3 for day 1 ( Figure 1 ). Factor A1 gave a greater response index (compressive strength) than factors A2 and A3 on days 1, 7, 28, and is therefore the optimal value for factor A. Optimal values were calculated in the same way for factors B, C, and D.
There were increases of strength over the 28-day period after curing for aggregate contents of 1800, 1848, and 1896 kg/m 3 ( Figure 1 ). Of these, the mixture containing 1800 kg/m 3 aggregate (A1) developed the greatest strength. High alkaline solutions contents (B2 and B3) also provided strength increases over the 28 days, but maximum strength was achieved with a lower contents of alkaline solution (B1), and this was achieved earlier than for high alkaline content mixes (B2 and B3). Higher amounts of sodium silicate (C3) had a considerable positive effect on strength development, especially in the early stages after curing. One day after curing, and thereafter, there was a little difference in the strength developed for mixtures with sodium silicate/NaOH ratios of 1.5 (C1) and 2.0 (C2). High temperature and duration of curing (D3) increased the strength substantially compared to curing at lower temperatures (D1, D2).
The results of our calculations of response indices for the four factors suggested that a mix not yet tested was worthy of consideration: that is, mix A1B1C3D3 (aggregate content 1800 kg/m 3 , alkaline solution/fly ash ratio 0.3, sodium silicate/NaOH ratio 2.5 and 24 hours curing at 75 0 C). We named this mix T10.
The effects of changing each component of the mixture while maintaining constant proportions of other components are shown in Table 8 . Analysing these data in the same way as above, the optimal mixtures were: mix T7 (A3B1C3D2) for low mass loss, mix T10
(A1B1C3D3) for low sorptivity, and mix T7 for low AVPV (A2B1C2D3) showed only moderate strength, but better workability and potentially has better durability than mix T7.
On the basis of the above analyses, we chose a subset set of three mixtures (T4, T7, T10) for further evaluation (Table 9 ).
Fresh and mechanical properties of the three optimal mixtures
Although the slump values for the fresh geopolymer mixes were at least twice that of the OPC concrete (Table 10) , their workability was considerably lower. The fresh geopolymer mixes were stiff and tacky because of their low water content and the presence of highly soluble silicate [29] . The pH values of the fresh geopolymer concretes were higher than hat of the OPC concrete because of their high alkaline contents (Table 10) . A high pH is required to start the geopolymerisation process during heat curing.
Each of the three optimal geopolymer mixtures produced concrete of greater than 55 MPa strength 28 days after curing (Table 10 ). There was a gradual increase in strength up to 91 days for each of the geopolymer mixes and for the OPC concrete. For the geopolymer mixes this gradual increase has been attributed to a slow reaction to refill the gel structure and develop a crystalline structure [29] . At 28 days, mixes T7 and T4 had developed similar strength to the control mixture. Compared to the OPC concrete, mix T10 showed higher strength at 7 and 28 days, but lower strength at 91 days. The small increase in strength of mix T7 between 28 and 91 days probably reflects the high aggregate content in this mixture.
Both splitting tensile strength and flexural strength of the geopolymer concretes increased with increasing concrete age ( Table 11 ). The tensile strength of mix T10 was 8-12% higher than that of the OPC concrete at 28 and 91 days, which may reflect effective bonding between the geopolymer matrix and aggregate [30] . The flexural strength of the geopolymer concretes was 1-1.4 times higher than that of the OPC concrete at 28 and 91 days. It appears that the development of the tensile strength of the geopolymer concretes was a result of the same process that produced their compressive strength. The high tensile and flexural strength of the geopolymer concretes help to decrease the rate and extent of cracking in response to corrosion of steel reinforcements [31] .
The modulus of elasticity of geopolymer concrete was 14.9-28.8% lower than that of the OPC concrete, which is supported by previous research [28] and indicates that high silicate content might increase the elasticity of geopolymer concrete. The low modulus of elasticity decreases the rate of crack propagation caused by corrosion of steel reinforcements, as is the case for high tensile and compressive strength [31] .
Drying shrinkage of the control mix over the 11 weeks after curing was more than 400 microstrain units, and then decreased to around 300 microstrain units (Figure 2 ). Drying shrinkage was also evident in mix T10, which followed a trend similar to that reported by Wallah [32] . The shrinkage of mix T10 (about 100 microstrain units) was less than that of the OPC concrete and slowed after 28 days. Mixes T4 and T7 showed minor expansion throughout the 91 days after curing although there was less expansion of mix T7 than of mix T4. There was no water loss from the geopolymer concretes either during geopolymerisation or after steam curing, which we attribute to the low water content of the geopolymer mixtures.
Water absorption, AVPV, effective porosity and sorptivity
The fly ash geopolymer concrete mixes had lower water absorption, AVPV, and effective porosity than the OPC concrete at 28 and 91 days (Table 13 ). Although the geopolymer concretes were prepared with different mixtures of components, similar values of water absorption (<5%) and AVPV (<12%) were obtained. There was an overall decrease in effective porosity for all mixes after 28 days, indicative of a reduction of porosity. For all mixes except T10, sorptivity showed a general increase after 28 days (Table 14) , indicating development of capillary porosity network.
Concrete degradation during wetting-drying cycles
Concrete degradation in wetting-drying was measured by the weight losses during individual drying cycles (Figure 3 ), total changes of weight over the full sequence of wetting drying cycles (Figure 4) , and changes of compressive strength (Table 15) . In this research, only mix T4 was used, since it has equivalent strength with control mix and better workability than the other geopolymer mixes. Weight losses during drying of mix T4 at cycles 45 and 100 were 1.27% and 1.48%, respectively, and were greater than the corresponding weight losses of the control mix ( Figure 3 ). Sudden increase of weight loss during the first ten or so cycles for both mix T4 and the control mix indicate that, for these early cycles, evaporation during drying was greater than water absorption. The total weight of mix T4 had declined by 0.83% after 80 cycles, providing evidence of concrete cover degradation (Figure 4 ). The opposite trend was observed for the control mix, which showed a gradual increase in total weight that reached 0.41% at 80 cycles, which might reflect an increase of concrete density after the wetting-drying cycles.
The concrete cover of mix T4 appeared to show less resistance to wetting-drying than the OPC concrete; however, mix T4 showed increases of compressive strength of 21.41%, 24.77% and 12.96% at 14, 45, and 100 cycles, respectively (Table 15) . Repeated drying at temperatures of 80 O C for up to 100 cycles might have caused structural and phase composition change that increased the mechanical strength of the fly ash geopolymer material. However, between cycles 45 and 100, the strength of mix T4 decreased by 11.81%.
Visual examination of the T4 samples after 100 cycles showed that the concrete had lost integrity, there was considerable loss of fine aggregate and shallow holes were distributed on the surface of the concrete.
Corrosion performance of concrete
Each of the three mixes tested for corrosion demonstrated half-cell potentials lower (higher negative values) than -404 mV (using a Ag/AgCl reference electrode) at 91 days ( Figure 5 ).
According to ASTM C876, concrete of corrosion potential lower than -404 mV is prone to severe corrosion [33] . It is likely that penetration of chloride ions from the NaCl solution into the concrete caused these low values. After about 20 days, the corrosion potential of the control concrete was relatively stable at about -250 mV, indicating that steel reinforcements in it would not be subject to active corrosion. The highly negative potential readings indicating high risk of corrosion for the geopolymer concretes might be explained by the lower pH of the aqueous solutions during the half-cell potential measurement ( Figure 6 ).
Accelerated corrosion tests (Figure 7) showed that the geopolymer concretes exhibited considerably lower corrosion activity (<100mA) at 20 days than did the control concrete.
Previous researchers who compared corrosion activity for concretes coated with fly ash and metakaolin geopolymer with those without geopolymer coating demonstrated similar results to ours [34, 35] .
Time to failure (t fail ) was defined as the onset time of current increase [36] . Time to failure for the three geopolymer concrete mixes was 3.86-5.70 times longer than that of the concrete (Table 16 ). Under the impressed voltage, a crack appeared suddenly in the concrete when t fail was reached, and this was followed immediately by high current readings. The large amounts of fly ash and alkaline activators in the geopolymer concrete mixes increase the availability of ions that can produce high electrical resistance at high impressed voltage. This enhances the cathodic reaction and reduces the rate of corrosion, which in turn reduces the tensile stress of the specimens, thus decreasing the risk of cracking and clearly extending the time to failure.
Conclusions
The optimal fly ash geopolymer concrete for use in a seawater environment has high compressive, tensile and flexural strength, and low modulus of elasticity, drying shrinkage, water absorption, and sorptivity. We produced geopolymer concrete with strength equivalent to 55 MPa at 28 days. The trial mixes of fly ash geopolymer concrete showed tensile strengths as much as 8-12% greater than that of OPC concrete. The flexural strengths of the geopolymer concretes we tested up to 1.4 times higher than those of OPC concrete, and their moduli of elasticity were 14.9-28.8% lower. The geopolymer concretes also exhibited less expansion and drying shrinkage than the OPC concrete. Water absorption of the geopolymer concretes was lower than that of OPC concrete, but their sorptivity increased after 28 days after curing. When the geopolymer concretes were subjected to repetitive cycles of wetting in salt water and drying at high temperatures, they exhibited significant weight loss and degradation of concrete cover, but the wetting-drying cycles increased the compressive strength compared to that of OPC concrete. Although half-cell potential tests showed that the geopolymer concretes were more prone to corrosion than the OPC concrete, their time to failure under impressed voltage accelerated corrosion tests were 3.86-5.70 times longer than that of OPC concrete.
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